A recent analysis by the LHCb collaboration suggests the existence of three narrow pentaquark-like states -the P c (4312), P c (4440) and P c (4457) -instead of just one in the previous analysis (the P c (4450)). The closeness of the P c (4312) to theDΣ c threshold and the P c (4440)/P c (4457) to theD * Σ c one suggests a molecular interpretation of these resonances. We show that these three pentaquark-like resonances can be naturally accommodated in a contact-range effective field theory description that incorporates heavy-quark spin symmetry. This description leads to the prediction of all the seven possible S-wave heavy antimeson-baryon molecules (that is, there should be four additional molecular pentaquarks in addition to the P c (4312), P c (4440) and P c (4457)), providing the first example of a heavy-quark spin symmetry molecular multiplet that is complete. If this is confirmed, it will not only give us an impressive example of the application of heavy-quark symmetries and effective field theories in hadron physics: it will also uncover a clear and powerful ordering principle for the molecular spectrum, reminiscent of the SU(3)-flavor multiplets to which the light hadron spectrum conforms.
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In 2015 the LHCb collaboration discovered the existence of two pentaquark-like resonances, which are usually referred to as P c (4380) and P c (4450) due to their masses [1]. This experimental discovery triggered intense theoretical speculations on the nature of these states, their decays and production mechanisms. In particular the closeness of the P c (4450) to a few meson-baryon thresholds leads naturally to the conjecture that it is a meson-baryon bound state (a conjecture further cemented by a series of theoretical predictions that predated its observation [2-8]), with the most popular explanations being aD * Σ c [9] [10] [11] or aD * Σ * c molecule [12, 13] (in these two cases in the isospin I = 1 2 configuration and probably with a small admixture ofDΛ c (2595) [14, 15] ), and a χ c1 p molecule [16] . There are also non-molecular explanations for this state, which include that it might be a genuine pentaquark [17] [18] [19] [20] [21] [22] [23] , that threshold effects might play a role [24, 25] (see also Ref. [26] for a detailed discussion), baryocharmonia [27] , a molecule bound by colour chemistry [28] and a soliton [29] .
The original analysis of Ref.
[1] has been recently updated by the LHCb collaboration in Ref. [30] , where it has been found that the previous P c (4450) actually contains two peaks -the P c (4440) and P c (4457) -and that there is a third nar- * lisheng.geng@buaa.edu.cn † hosaka@buaa.edu.cn ‡ mpavon@buaa.edu.cn row peak, the P c (4312). Their masses and widths are
all in units of MeV and for which we have used the notation P c1 , P c2 and P c3 to refer to the three states P c (4312), P c (4440) and P c (4457) (that is, we have ordered them according to their masses). It is interesting to notice that the mass of the previous P c (4450) roughly coincides with the geometric mean of the masses of the new P c (4440) and P c (4457). The P c (4312) pentaquark-like state is near to theDΣ c threshold, while the other two are close to theD * Σ c one. When translated into binding energies we obtain B 1 = 8.9, B 2 = 21.8 and B 3 = 4.8 MeV for the P c (4312), P c (4440) and P c (4457), respectively. Of course this closeness to threshold has already been noted by theoreticians in Refs. [31, 32] . If these findings are confirmed it will not only strongly support the molecular hypothesis, but it will also provide us with the most impressive illustration of the application of heavy-quark spin symmetry (HQSS) [33] [34] [35] [36] to hadronic molecules so far. In particular this experimental analysis will result in the prediction of the first full HQSS molecular multiplet of the hidden-charm molecular pentaquarks. Heavy-hadron molecules, i.e. bound states that include one or more heavy hadrons, were conjectured decades ago [37, 38] . Owing to the combination of light-and heavy-quark content, heavy-hadron molecules have a high degree of symmetry which can be exploited to determine their spectrum [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . HQSS manifests in the existence of interesting patterns in the heavy-molecular spectrum. The most evident of these pat-terns applies to the Z c 's and Z b 's twin resonances discovered by BESIII [49] [50] [51] [52] and Belle [53, 54] , respectively. If they are bound states of a heavy meson and antimeson, be it either a charm meson or bottom meson, HQSS predicts that the S-wave potential in the J PC = 1 +− channel is [41, 42] V(1 +− , P * P ) = V(1 +− , P * P * ) ,
(1)
independently of the particle content, where P = D,B and P * = D * ,B * . This specific pattern indeed explains why the Z c 's and Z b 's appear in pairs, both of which are at similar distances from the P * P and P * P * open heavy flavor thresholds. A similar pattern applies to the 1 ++ and 2 ++ heavy mesonantimeson interaction [43] [44] [45] V(1 ++ , P * P ) = V(2 ++ , P * P * ) .
(2)
If we assume the X(3872) resonance to be a D * D bound state with J PC = 1 ++ , this symmetry relation suggests the existence of a 2 ++ D * D * partner with a mass of 4012 MeV. However the location of the X(3872) overlaps with the D 0 * D0 threshold within experimental errors, which implies that the existence of the 2 ++ partner of the X is not guaranteed if we take into account this error source (besides, there are other uncertainties [55, 56] ), see Ref. [57] for a more complete discussion. At this point we notice that there are six possible heavy mesonantimeson molecules, forming a HQSS multiplet that can accommodate up to six resonances. However the known heavy meson-antimeson molecules are all too close to threshold, indicating that most probably this multiplet structure is unlikely to be fully realized in nature, leaving us with an incomplete pattern. This manuscript argues that the new LHCb results [30] imply that the heavy antimeson-baryon molecules will probably provide the first example of a full and intact HQSS molecular multiplet. For this we begin by explaining the constraints that HQSS imposes on the S-wave heavy antimeson-baryon interaction, as has been recently derived in Ref. [58] . HQSS implies that we can describe the seven S-waveD ( * ) Σ ( * ) c molecules with two coupling constants. If we additionally assume that the heavy antimeson-baryon molecules can be described in terms of a contact-range effective field theory (EFT), the potential for theDΣ c ,DΣ * c ,D * Σ c andD * Σ * c molecules is [58] V
with C a and C b unknown coupling constants. This potential is renormalized by including a separable regulator and a cutoff Λ in momentum space and allowing the couplings to depend on this cutoff
where p, p ′ are the initial and final center-of-mass momenta of the two-body system and C represents the linear combination of C a and C b corresponding to the heavy antimeson-baryon molecule under consideration, see Eqs. (3) (4) (5) (6) (7) (8) (9) for details. For the regulator we choose a Gaussian one, f (x) = e −x 2 , while for the cutoff we consider the range Λ = 0.5 − 1.0 GeV, where we notice that if the problem has been properly renormalized the dependence of the predictions on the cutoff will be small. The potential is then included in a dynamical equation, e.g. Lippmann-Schwinger:
with φ the vertex function, µ the reduced mass of the system and B 2 the binding energy, where solutions of this dynamical equation correspond to bound states. Alternatively, with the purpose of checking regulator independence, we can use a delta-shell regulator in coordinate space
with a cutoff in the range R c = 0.5 − 1.0 fm, i.e. of the order of the typical hadron size, and solve the S-wave Schrödinger equation. The delta-shell regulator is convenient -it allows for analytic results -but we stress that any other choice of regulator will work too. We will not show detailed results for the delta-shell or other regulators here, but simply comment that the differences with the Gaussian regulator will be minor. Now we notice that both the P c (4440) and P c (4457) are goodD * Σ c molecular candidates, but that their J P is not known. Thus we distinguish two scenarios, A and B, where A corresponds to assuming that the P c (4440) and P c (4457) are J P = 3 2 − and J P = 1 2 − respectively, while B corresponds to the opposite identification. Each of these choices completely fixes the EFT potential and allows us to predict the location of the J P = 1 2 −D Σ c molecule, which in scenario A we predict at
where the range corresponds to the cutoff variation Λ = 0.5 − 1.0 GeV. This figure is not too close to the expected location of the P c (4312) resonance, M P c1 = 4311.9 MeV, but still compatible within the experimental errors. Meanwhile in scenario B the P c (4312) resonance is predicted at
which is extremely close to the experimental value. The predictions are fairly independent not only on the cutoff, but also on the choice of regulator: had we used the delta-shell regulator of Eq. (12) instead of the Gaussian regulator of Eq. (10), the predictions would have been
for the R c = 0.5 − 1.0 fm cutoff range, which indicates a preference for scenario B. This is also the case for other regulators, e.g. a square-well or a Gaussian potential in coordinate I. Predictions for the S-wave HQSS molecular multiplet of heavy antimeson-baryon molecules, as derived from the lowestorder contact-range potential which contains two unknown couplings C a and C b . The potential for each particle and spin channel (the "Molecule" and "J P " columns) can be checked in Eqs. (3) (4) (5) (6) (7) (8) (9) . In all cases we assume that the isospin of the listed molecules is I = 1 2 . We determine the value of the C a and C b couplings from the condition of reproducing the location of the P c (4440) and P c (4457) resonances, which are known to be close to theD * Σ c threshold. We do not know however the quantum numbers of the P c (4440) and P c (4457), but consider two possibilities instead: in scenario A the 1 2 − molecule is identified with the P c (4457) and the 3 2 − with the P c (4440), while scenario B assumes the opposite identification.
space. Notice however that we have not propagated the uncertainty in the masses of the input data -the P c (4440) and P c (4457) -neither have we taken into account the experimental uncertainty in the location of the P c (4312). That is, the preference for scenario B is probably not particularly strong. Meanwhile Ref. [6] predicts the 3 2 −D * Σ c molecule to be more bound, a conclusion which is deduced from the strength and sign of the one pion exchange potential in S-waves and which corresponds to our scenario A. The molecular identifications of the P c (4440) and P c (4457) that are derived from the one boson exchange models of Refs. [32, 59] are equivalent to our scenario B, i.e. the scenario favored by our calculations.
Yet, as previously explained, the really exciting aspect of being able to determine both C a and C b is that now we can predict all the seven heavy antimeson-baryon molecules. This is done in Table I for scenarios A and B, where in both cases the seven molecules are always predicted but the specifics of their location changes slightly depending on the chosen scenario, particularly in what regards theD * Σ * c molecules: for scenario A binding increases with the spin quantum number, while the contrary is true for scenario B. We notice the prediction of aDΣ * c bound state at 4370 − 4380 MeV, thought the identification with the P c (4380) pentaquark peak of Ref.
[1] is problematic owing to the broad nature of this state. Our conclusion that the HQSS multiplet for the heavy meson-baryon molecules is complete has been independently confirmed in Ref. [60] .
To summarize, the recent analysis of the LHCb collaboration supports the hypothesis that the pentaquark-like P c (4312), P c (4440) and P c (4457) resonances are indeedDΣ c andD * Σ c molecules. Not only that, this experimental observation unlocks the possibility of the theoretical prediction of all the seven S-wave heavy antimeson-baryon molecules, which incidentally provides the first example of a full and complete HQSS multiplet for hadronic molecules. The identification of the P c (4440) and P c (4457) withD * Σ c bound states is ambiguous: both the J P = 1 2 − and J P = 3 2 − quantum numbers are in principle possible. In this regard the spectroscopic predictions of the contact-range effective field theory we use in this manuscript indicates a preference for identifying the P c (4440) and P c (4457) with the J P = 1 2 − and the J P = 3 2 − molecule, respectively. The specific spin of the P c (4440) and P c (4457) molecular candidates is however inconsequential for the prediction of the HQSS multiplet. Though the present theoretical exploration focuses only on the spectroscopy of the molecular pentaquarks, the eventual discovery of the missing members of the HQSS multiplets at their predicted locations will by itself represent a very strong case in favor of their molecular nature. Yet future investigation of their decays and production mechanisms will be essential to disentangle the nature of these pentaquark-like states. Finally we stress that the idea of HQSS multiplets provides a clear and concise ordering principle for molecular states which, in analogy to the SU(3)-flavor multiplets in the light hadron sector, has the potential to help interpret the results of future experimental searches of exotic states and improve our understanding of the non-perturbative strong interaction. 
